Fabrication of micro/nano-structures on irregularly shaped substrates and three-dimensional (3D) objects is of significant interest in diverse technological fields. However, it remains a formidable challenge thwarted by limited adaptability of the state-of-the-art nanolithography techniques for nanofabrication on non-planar surfaces. In this work, we introduce Spun-Wrapped Aligned Nanofiber (SWAN) lithography, a versatile, scalable, and cost-effective technique for fabrication of multiscale (nano to microscale) structures on 3D objects without restriction on substrate material and geometry. SWAN lithography combines precise deposition of polymeric nanofiber masks, in aligned single or multilayer configurations, with wellcontrolled solvent vapor treatment and etching processes to enable high throughput (>10 −7 m 2 s −1
Introduction
High-throughput, scalable, and cost-effective fabrication of micro/nano-structures on three-dimensional (3D) objects is crucial for the development of new paradigms in diverse fields including metamaterials, 1 optoelectronics, 2 nanophotonics and plasmonics, 3, 4 biosensing, 5, 6 lab-on-fiber technologies, 7 energy harvesting and storage. 8 There is also a great need for fabricating nanostructures on the surface of biomedical devices and implants where micro/nanoscale surface features have been shown to promote tissue regeneration 9 and inhibit microbial fouling. 10 As such, numerous attempts have been made to develop new techniques [11] [12] [13] [14] and also adapt the conventional nanofabrication techniques such as electron beam lithography (EBL) 15, 16 and soft lithography 11, 12, [17] [18] [19] [20] [21] [22] for nanofabrication on non-planar surfaces. Despite the many positive attributes of these techniques, the high sensitivity of pattern fidelity to overall 3D object shape and limitations with respect to throughput, scalability, reliability, affordability, and substrate material compatibility present significant barriers to their use for nanopatterning of large-areas of pre-structured 3D objects. Presently, to the best of our knowledge, there is no method capable of whole surface nanopatterning of irregularly shaped or highly non-planar 3D objects. Furthermore, simultaneous fabrication of multiscale (i.e. micro-and nanoscale) structures on 3D substrates remains a formidable challenge thwarted by limited affordability and scalability of the aforementioned state-of-the-art techniques. Thus, there is a compelling need to develop new nanoscale as well as multiscale fabrication technologies.
Here, we report a versatile and scalable technique, termed Spun-Wrapped Aligned Nanofiber (SWAN) lithography, for fabrication of multiscale structures on large areas of planar and non-planar substrates without a master and at high-throughput in standard laboratory setting. The process flow of SWAN lithography is illustrated in Fig. 1 . In the first step, the nonelectrospinning Spinneret-based Tunable Engineered Parameters (STEP) technique 23, 24 orientation onto a 3D substrate. The nanofiber mask is deposited in an array of uniform diameter fibers at a constant or a prescribed varying spacing. Multiple arrays each with different diameter and spacing may be deposited in one layer or in a 3D multi-layer configuration (Fig. 1a) . In the second step, the fiber-masked substrate was placed under vacuum in an enclosure containing tetrahydrofuran (THF, a good PS solvent) vapor to carry out a controlled fiber deformation process and achieve the desired fiber-substrate contact area. In the third step, the substrate was etched to transfer the fiber mask pattern onto the substrate. In the final step, the PS fiber mask was dissolved. SWAN lithography is applicable to both bulk and thin film patterning; thus enabling incorporation of passive (e.g. nanostructures for controlling cell behavior on implants) or functional devices (e.g. electronic circuits for sensing) onto curved surfaces and 3D objects.
Experimental section

Nanopatterning of glassy carbon (GC) substrates
All experiments were performed at room temperature unless otherwise stated. A total of six PS solutions were prepared by dissolving PS (Scientific Polymer Products) in xylene (Fisher Scientific) at 10 wt% for PS of 860 kg mol −1 molecular weight, and at 5 wt%, 7 wt%, 10 wt%, 14 wt%, and 18 wt% for PS of 2000 kg mol −1 molecular weight. Fiber arrays were deposited on GC SIGARADUR® (Hochtemperatur-Werkstoffe GmbH, Germany) plates (10 mm × 10 mm × 1 mm), cylinders (Ø 3 mm × 5 mm), and cubes (6 mm × 6 mm × 6 mm) using the STEP technique. 24 Briefly, PS solution was pumped through a glass micropipette to form an extruded droplet at the pipette tip. The droplet was brought into contact with the substrate to form a fiber, and aligned fibers were continuously wrapped around the rotating substrate. The substrate was moved using a 3D motorized stage to form the fiber mask pattern with controlled fiber spacing. The fiber-masked substrate was placed in an enclosure containing THF under a vacuum pressure of −0.68 bar. After exposure to THF vapor for the specified duration, the sample was electrochemically etched at 2.0 V (vs. Ag/ AgCl) in 0.1 M NaOH solution with platinum gauze connected to a platinum wire as the counter electrode. 25 After etching, PS fibers were dissolved in methylene chloride, and GC substrate was treated in piranha solution (3 : 1 H 2 SO 4 and H 2 O 2 ) for 30 min to remove the PS residue. After each use, the GC plates were serially polished by 1 µm, 0.3 µm, and 0.05 µm alumina slurry (Electron Microscopy Sciences) to remove etched features for the subsequent set of experiments. The scratches appearing in some of the SEM and AFM images ( Fig. 5 and 6 ) were from polishing. After polishing, the resulting surface roughness was 5.1 ± 0.4 nm.
Nanopatterning of gold film
A borosilicate glass rod (Ø 5 mm) was pulled to a hyperbola shape on an open flame. The hyperbola-shaped glass was cleaned in piranha solution for 30 min, followed by rinsing with deionized water and flushing with dry air. The glass sample was further dried at 180°C for 30 min. A thin Ti (adhesion promoter) and Au film were sequentially deposited onto the glass sample by electron beam evaporation (Kurt J. Lesker PVD-250). To achieve uniform evaporated gold thickness, the glass substrate was continuously rotated along its axis during the deposition process. A PS fiber array was deposited onto the gold surface and heated in an oven at 110°C for 20 min to increase adhesion. Then, the fiber-masked sample was etched in freshly prepared gold etchant (15 mM thiourea, 10 mM Fe(NO) 3 , 1.2% HCl) 26 for 2 min while stirring at 350 rpm. PS fibers were dissolved in methylene chloride after etching, leaving behind the metallic features.
Surface characterization
Lateral dimensions and heights of the nanopatterned features were measured using scanning electron microscopy (SEM) and atomic force microscopy (AFM), respectively. SEM imaging obtained at an electron beam energy of 5 keV were used to measure fiber diameter and etched feature widths. To measure the height of the etched features, AFM scanning was performed with a Si probe (NANOWORLD NCST-20) in tapping mode. All experimental data was obtained from at least two independent sets of experiments with multiple measurements (at least 10 per sample) on multiple samples to verify the repeatability.
Results and discussion
We demonstrate the versatility of SWAN lithography in patterning of 3D objects with various degrees of non-planarity, followed by detailed characterization of the SWAN lithography process itself. SWAN lithography enables simultaneous nanopatterning of the full arc length of curved geometries, such as the GC cylinder (Ø 3 mm × 5 mm) shown in Fig. 2a . PS fiber masks of different diameters resulted in multiscale etched features with widths of 900 nm, 50 nm, or alternating width of 50 nm and 150 nm that were formed on the entire lateral surface of the cylinder with high pattern fidelity. Such nanopatterned substrates may be utilized as highly sensitive neural electrodes. 27 A GC cube (6 mm × 6 mm × 6 mm) was modified by polishing one of its vertices to create a triangular face on the vertex (Fig. 2b) . Separate layers of PS fibers, each with a different diameter, were deposited in three different orientations that crossed at 60°angles. Solvent vapor treatment and electrochemical etching resulted in 300 nm, 600 nm, and 900 nm wide etched features on the vertex surface ( Fig. 2b-i) .
Similarly, 350 nm wide etched features in a crisscross pattern were achieved on the lateral surfaces of the GC cube (Fig. 2b-ii) . Pattern fidelity across adjoining faces and at sharp corners can be robustly achieved, as shown in Fig. 2b -iii. Such 3D objects covered with nanostructures on all surfaces constitute a new class of passive devices which for example can be utilized in antireflectivity applications. 28 For many functional device applications, it is desirable to pattern a deposited metal film. As a proof of concept, we deposited a thin film of gold on a hyperbola-shaped glass substrate (Fig. 3a) , followed by deposition of the PS nanofiber mask and wet etching to achieve 300 nm wide gold features over the entire surface of the object. The variation in crosssectional area and curvature of the substrate had no impact on uniformity of the nanopatterns (Fig. 3b) , which in comparison is difficult to achieve by EBL or soft lithography. The gold patterns formed may be used as components of electrical or optical devices or as resists for further processing of the underlying substrate to achieve high aspect ratio features. This process may also be used to pattern optical fibers for a host of imaging and sensing applications. 29 Next, we characterized the SWAN lithography process on flat GC substrates (10 mm × 10 mm × 1 mm). Features of different sizes were obtained by either controlling the diameter of fibers 23, 24 or by controlling the size of the fiber-substrate contact area (Fig. 4 and 5) . To investigate the dependency of the etched feature width upon fiber diameter, fibers of various diameters were deposited on flat GC substrates. All samples were exposed to THF vapor for 3 min to enhance interfacial adhesion without changing the fiber morphology and were then etched for a short period of time (5 s). The etched feature widths were equal to the fiber-substrate contact widths and were measured to be (fiber diameter: etched feature size (mean ± s.d.)) 85 ± 6 nm: 46 ± 3 nm, 134 ± 8 nm: 82 ± 7 nm, Fig. 4 Relationship between the deposited fiber diameter and the etched feature width (n = 573 for fiber diameter measurement, n = 335 for etched feature width measurement). Cartoon shows the cross-section of a fiber deposited on a substrate. SEM images depict fibers with different diameters and the corresponding etched features. The inset plot shows the fitting of experimental data according to the JKR contact theory. All error bars are standard deviations. All scale bars are 500 nm. 173 ± 9 nm: 111 ± 7 nm, 219 ± 15 nm: 141 ± 10 nm, and 374 ± 41 nm: 200 ± 18 nm (Fig. 4a) . The fiber diameter-etched feature width relation is in agreement with the Johnson, Kendall, and Roberts (JKR) contact theory, [30] [31] [32] which states that for a fixed set of materials (PS fiber and GC surface), the contact width (b) scales with the fiber diameter (D) according to b 1.5 ∝ D (see Fig. 4 
inset). This experimentally validated
relationship combined with our ability to deposit fibers of various diameters, offer novel enabling means for single-step fabrication of systems and devices with precisely designed application specific multiscale features. While etched feature size can be controlled by fiber diameter, a wider range of feature sizes can be achieved by changing fiber morphology using a controlled solvent vapor treatment process. Solvent molecules penetrate the polymeric fibers, causing them to deform and spread on the substrate. 33 Therefore, increasing solvent vapor exposure time can increase the fiber-substrate contact width (Fig. 5) . To determine the role of solvent vapor exposure time on feature width, we fixed the PS fiber diameter (219 nm) and varied the solvent exposure duration from 0-30 min. For short 0-3 min exposure duration, fiber contact with the substrate was sporadic, resulting in inconsistencies in feature width. For increased 3-5 min exposure duration, the fiber-substrate interfacial adhesion was enhanced without changing the fiber morphology; thus, the width of the resulting feature remained constant. With further increase in exposure duration (8-20 min), both the fiber contact width and etched feature size were observed to continuously increase. For exposure duration longer than 20 min, no further increase in fiber width was achieved; consequently the etched feature size remained constant. Thus, by exposing 219 nm diameter fibers to THF vapor for 3-30 min, we were able to control etched feature width in the wide range of 141 ± 10 nm to 623 ± 27 nm.
Lastly, the height of the etched features was controlled by varying the duration of the electrochemical etching process. For the fixed process parameters of PS fiber diameter (219 nm) and THF vapor treatment time (20 min with resulting mask contact width of 600 nm), when the etch time was varied from 5 s to 180 s, etched feature height increased from 27 ± 3 nm to 182 ± 18 nm. For etch times longer than 180 s, no further increase in the etched feature height was observed (Fig. 6 ). This is attributed to the reduction and eventual loss of contact between the fiber and the substrate due to undercutting during the etching process.
SWAN lithography can be applied to other bulk materials (e.g. Si, Fig. S1 †) and thin films that can be etched using electrochemical, wet chemical, or dry etching processes. SWAN lithography is also applicable to soft and flexible substrates, such as the commonly used polydimethylsiloxane (PDMS) which can be etched using the reactive ion etching (RIE) technique. 34 S2 †) with exquisite control on feature sizes and high pattern fidelity irrespective of the substrate geometry. Our nanofiber mask deposition method is highly scalable, cost-effective, and is capable of achieving even higher throughputs (Fig. S3 †) . The distinguishing features of the SWAN lithography, compared to other methods that are also based on direct deposition of masking geometries, 36, 37 are: (i) defect-free patterning over large-areas, (ii) multiscale patterning in a single step, (iii) wrapping of the masking geometry around the object which enables whole surface nanopatterning of macroscale objects in a single step. SWAN lithography also offers distinct advantages in comparison with the conventional nanofabrication techniques of EBL, soft lithography, and direct-write methods. In contrast to EBL, SWAN lithography produces high fidelity patterns over large-areas irrespective of degree of non-planarity of the substrate and overcomes EBL's limitations in the size of the patterned area and achievable resolution that are attributed to variation in beam incidence angle, exposure dosage, and uniformity of resist coating thickness. 15, 16 In comparison with soft lithography and nanoimprint lithography based techniques, 11, 12, [17] [18] [19] SWAN lithography obviates the need for master templates that are typically fabricated using low throughput and costly methods. Furthermore, it overcomes soft lithography's challenge with pattern distortion on highly non-planar or irregularly shaped pre-structured 3D objects, which is shown to occur due to lack of full conformity of the 2D elastomeric stamp [17] [18] [19] and nanopatterned polymeric device layers. [20] [21] [22] Our masterless technique can robustly achieve sub-100 nm feature sizes, whereas in soft lithography, low elastic modulus of the stamps makes it highly challenging to reliably achieve sub-100 nm features over large-area 3D objects. Lastly, compared with resistless nanolithography and direct-write methods such as focused ion beam milling and ion beam proximity printing 19 that provide more versatility in substrate shape, SWAN lithography has much higher throughput, lower cost, and does not alter the material surface properties.
Conclusions
In conclusion, for the first time, we report a lithography technique for fabrication of multiscale structures, from micro to nanoscale, on the whole surface of pre-structured 3D objects. SWAN lithography enables simple, rapid and affordable production of design iterations of nanopatterned templates (Fig. S4 †) and may be utilized to alleviate the main challenge associated with high throughput methods such as soft-lithography and roll-to-roll lithography 38 that rely on nanopatterned hard templates. Facile, scalable, cost-effective, and high throughput fabrication of micro/nanostructures on wide variety of 3D substrate geometries provides opportunities in development of new nanodevice configurations that have been difficult or impossible to obtain. Thus, it could significantly contribute to the scientific progress as well as technological advancement in different fields including photonics/plasmonics, electronics, and biotechnology in which unique properties of well-ordered nanoscale patterns enhance functionality and performance.
